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For the successful design of today's high-speed circuits, it has become essential to use thin-film waveguides as interconnects between devices. In addition, the current demand for even higher-density design forces high-speed circuits to rely on several metallization levels, resulting in the existence of interconnects between different layers. The close proximity of waveguides can lead to cross coupling of signals, and with frequencies reaching 100 GHz on the interconnects, the amount of cross coupling can exceed the amount of tolerable noise in these circuits. Thus, we need experimental feedback to insure that our design and simulation tools are properly incorporating these effects.
With current demands for high-speed logic, an effort has been made to advance logic speeds above 100 GHz. One such logic family under investigation is superconducting logic based on single-flux-quantum ͑SFQ͒ pulses. 1 This technology utilizes resistively shunted, superconducting Josephson tunnel junctions, in a nonlatching digital logic system capable of operating at several hundred GHz-theoretically up to the frequency corresponding to the energy gap of the superconductor ͑for Nb at 4.2 K, this is 720 GHz͒. In addition, the power dissipation for current SFQ devices operating at 30 GHz is ϳ0.03 W per junction, orders of magnitude lower than conventional semiconducting logic, making these circuits even more attractive.
To adequately design ultrafast digital systems, we must be able to examine circuits and characterize their performance, using tools that are beyond the bandwidth limitations of standard electronic measuring techniques. One nonstandard measurement technique is electro-optic ͑EO͒ sampling. 2 To test superconducting electronic devices, we constructed a cryogenic EO sampling system. 3, 4 Using a Ti:sapphire laser and a LiTaO 3 crystal, our system is capable of nonintrusive measurements of ultrafast electrical transients with a temporal resolution of Ͻ200 fs and a voltage sensitivity of Ͻ200 V, while operating at temperatures from 2 to 300 K.
The propagation of SFQ pulses along microstrip transmission line interconnects is an integral part of SFQ-based logic. To determine the group velocity, as well as the effects of attenuation and dispersion, superconducting Nb circuits were fabricated on Si using a standard HYPRES process.
5 A 30ϫ30-m 2 -area metal-semiconductor-metal ͑MSM͒ photodiode 6 with finger width and spacing of 1 m, was used to launch a pulse onto a 14.25-m-wide Nb microstrip transmission line spaced 0.85 m above the ground plane. MSM diodes are capable of producing short pulses on a variety of semiconducting substrates due to the quasiballistic motion of photogenerated carriers across micrometer-size gaps. 6 In addition, MSM diodes appear as open-circuit elements in their off-state, and therefore, do not interfere with the operation of the device under test. Using femtosecond laser pulses these MSM diodes produce electrical pulses of picosecond duration, which can be used for broadband electrical characterization of systems.
In our experiments, the MSM diode, excited by Ti:sapphire ϳ100-fs laser pulses ͑ϭ400 nm͒, generated electrical pulses with a full width at half maximum ͑FWHM͒ of 5 ps at 2.15 K. This produced a broadband signal with a 3-dB bandwidth of 95 GHz, thereby enabling high-frequency characterization of the microstrip transmission line's group velocity, attenuation, and dispersion. The Nb microstrip was fabricated in a meander structure to allow nodal probing of the propagating pulse, as far away as 5060 m from the MSM diode source. At these nodes, no discernible attenuation or dispersion was detected ͑see Fig. 1͒ . The microstrip transmission line was terminated with a nearly ideal short circuit; thus, we were able to measure the reflected pulse. The shape of the reflected pulse still appeared identical to that of the initial pulse after 11.5 mm of propagation. The resulting group velocity of the pulse was measured to be 121.4Ϯ0.5 m/ps; this value of group velocity agrees well with our calculated value of 124.6 m/ps. Over the entire 11.5-mm distance, the attenuation and dispersion of the microstrip waveguide were undetectable.
To study the effects of coupling ͑or crosstalk͒ between waveguides, two superconducting Nb microstrip waveguides were fabricated as shown in Fig. 2 . The signal lines of the microstrip waveguides were fabricated on different metallization layers, using the standard HYPRES process. 5 The lower metal ͑M2͒ signal line was 6.5-m wide and was sepa- Again, an electrical transient was generated on the waveguide by using a 30ϫ30-m 2 -area Nb MSM photodiode, similar to the previous experiment. Using the EO sampling system, a pulse generated by the MSM diode on one transmission line was measured on both that line and the microstrip line that crosses it. By comparing these two results, the crosstalk between the two lines was determined. Figure 3 shows the measured data. The 6.5-ps-wide pulse shown in Fig. 3 is the MSM diode pulse as detected by the EO sampling system. This pulse with a 2.7-ps rise time contains a spectrum with a 3-dB bandwidth of 65 GHz. Following this measurement, the sampling beam was moved to the nonsignal line, and the second transient in Fig. 3 was observed. The interesting features of the transient measured on the nonsignal line are its bipolar nature, approximating the time derivative of the MSM signal, and its time delay with respect to the pulse on the signal line. The bipolar nature, taking into account the waveguide geometry, suggests that capacitive coupling is the source of this crosstalk signal. The observed time delay is the result of the additional propagation time from the waveguide overlap to the sampling point ͑see Fig. 2͒ .
To calculate the magnitude of the capacitive coupling between the waveguides, a simple parallel-plate capacitor is assumed since the distance between the waveguides is small, 0.5 m, in comparison to the dimensions of the capacitor plates, 6.5ϫ14.25 m 2 . The dielectric used by HYPRES is SiO 2 ; thus, the relative dielectric value is well known as ⑀ r ϭ3.9. Using this ⑀ r value results in a capacitance of 6.4 fF.
Circuit simulations of the coupling were performed using JSPICE 7 with the experimentally measured MSM diode signal as the input to the simulations. This provided a good fit to the shape, but the amplitude of the crosstalk signal did not match. Since the standard HYPRES process calls for sputtering the SiO 2 layer, a dielectric value higher than bulk SiO 2 can be expected, arising from oxygen depletion during deposition as well as from NbO x formation at the two surfaces. Using this information, the dielectric value was calculated by fitting the amplitude of the simulated crosstalk signal to the experimentally measured value ͑see Fig. 4͒ . This provided a capacitance of 7Ϯ2 fF, which in turn gave a value of 4.3Ϯ1.2 as the relative dielectric. Figure 4 , which shows the measured crosstalk signal and the JSPICE simulation of the crosstalk, indicates an excellent fit between experiment and simulation. The value determined for the dielectric agrees very well with our signal propagation experiments where we calculated from the population velocity ⑀ r ϭ5.45. This latter value is also used internally at HYPRES. 5 The extra length of transmission line that separates the two waveguides ͑see Fig. 2͒ causes a time delay between the measured pulses. This time delay is equal to the extra length traveled on the second transmission line divided by the group velocity. The experimentally observed time delay of 1.8 ps between the MSM diode signal and the crosstalk signal matches perfectly with the measured propagation velocity. In addition, a measured reflection of the crosstalk signal ͑not shown͒ from the end of the transmission line was observed. The timing of this reflection also matches perfectly with the established propagation velocity, reaffirming the validity of our approach.
In conclusion, the high speed and high density of the emerging integrated circuits create a need to characterize structures at frequencies that are not resolvable with standard testing techniques. EO sampling provides a useful tool for examining these structures. For our superconducting, Nbbased interconnects, the group velocity was experimentally verified, as well as the immeasurable amount of signal attenuation and dispersion at frequencies of ϳ100 GHz and propagation distances as long as 11.5 mm. We have also demonstrated that overlapping interconnects of high-speed superconducting electronics lead to signal crosstalk, whose source appears to be dominated by capacitive coupling. Although the value of crosstalk is small, it cannot be ignored and should be included in circuit simulations.
